1. The incorporation of labelled glucose into lipid by liver slices from sheep and cows is considerably less than that by liver slices from the rat, although oxidation to carbon dioxide occurs to a similar extent. ATP citrate lyase and NADP malate dehydrogenase are inactive in both sheep and cow liver but active in rat liver. The absence of the citrate-cleavage pathway of lipogenesis in ruminant liver has been confirmed by the negligible amounts of C-3 of aspartate incorporated into fatty acids. 2. Considerable amounts of [14C] acetate are incorporated into fatty acids and non-saponifiable lipid in rat and ruminant liver. Acetyl-CoA synthetase, the initial enzyme in the metabolism of acetate, has a high activity in liver from rat and ruminants. 3. In adipose tissue from ruminants more acetate than glucose is converted into lipids, whereas the converse is true in rat adipose tissue. The greater incorporation of [14C]acetate into fatty acids in adipose tissue from the ruminant as compared with the non-ruminant may be caused, in part, by the higher activity of acetyl-CoA synthetase activity in the ruminant. 4. The results suggest that, in both liver and adipose tissue from ruminants, acetate is a more important source of lipid than glucose. 5. Two enzymes of the hexose monophosphate shunt, glucose 6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase, are active in both tissues and from the three species.
In non-ruminant animals, glucose derived from dietary carbohydrate is the main precursor for the synthesis of lipids (Winegrad, 1965; Dole, 1965) . The situation is less clear in ruminants, where dietary carbohydrate is converted into various short-chain intermediates before absorption. The available glucose in ruminants is synthesized in the liver and kidney and the obvious premium on this source of carbohydrate suggests that the products of rumen metabolism such as acetate and butyrate are the major precursors for lipogenesis in these animals (Annison & Lindsay, 1961;  Holdsworth, Neville, Nader, Jarrett & Filsell, 1964;  Kleiber, Smith, Black, Brown & Tolbert, 1952) . The purpose of the present work was to determine the relative importance of glucose and acetate as substrates for lipogenesis in liver and adipose tissue in the cow and sheep. We have also sought to establish the presence of a number of enzymes involved in the synthesis of lipids and to determine the pattern of their activity in order to clarify the overall pathway of lipogenesis in ruminant as compared with non-ruminant animals. Incubation studie8. Liver was sliced as outlined by Ballard & Oliver (1964a) (1965) . The filter paper was removed from the flask, placed in a liquid scintillation vial and allowed to dry in air overnight. The dried paper was aligned at the bottom of the vial and the radioactive bicarbonate measured directly by the method of Buhler (1962) . All radioactivity determinations were performed on a Nuclear-Chicago liquid-scintillation spectrometer. The efficiency of the system as determined by channels ratio was 60-70% and all values were corrected to 100% efficiency on this basis.
MATERIALS AND METHODS
In preliminary experiments with glucose and acetate at concentrations lower than 50mM we found lower amounts ofincorporated radioactivity. At the higher concentrations, the incorporation of radioactivity was approximately linear throughout the 3 hr. incubation period.
The expected labelling in fatty acid from [3-14C] aspartate and [4-14C]aspartate has been described in detail (Leveille & Hanson, 1966 result in incorporation of label from C-3 of aspartate into fatty acids, whereas no label from C-4 of aspartate would be incorporated (Leveille & Hanson, 1966) .
Preparation of ti8sue for enzyme measurements. Adipose tissue and liver were homogenized with a coaxial homogenizer in buffered iso-osmotic sucrose solution (Henning, Stumpf, Ohly & Seubert, 1966 Assay of glucose 6-phosphate dehydrogenase. This enzyme was assayed as described by Kornberg & Horecker (1955) .
A88ay of 6-phosphogluconate dehydrogenase. This enzyme was assayed as described by Horecker & Smyrniotis (1955) .
Assay of NADP malate dehydrogenase. The spectrophotometric assay as described by Ochoa (1955b) was used with the final concentrations of reagents as reported by Ballard & Hanson (1967a) .
Assay of ATP citrate Iyase. Oxaloacetate formation from citrate, CoA and ATP was measured as the oxidation of NADH2 by coupling with NAD malate dehydrogenase according to Srere (1962) as modified by Ballard & Hanson (1967a) .
Assay of citrate synthase. The equilibrium of the NAD malate dehydrogenase reaction strongly favours the formation of malate. Oxaloacetate is only formed from malate and NAD when a coupling system for the removal of oxaloacetate is present. With added acetyl-CoA the activity of citrate synthase is measured by the rate of formation of oxaloacetate and thus NADH2. This method is essentially that of Ochoa (1955a) .
The final concentrations of reactants in the assay performed at 37°were: tris (adjusted to pH8 with 2N-HCI), 150mM; sodium malate, 6-6mM; acetyl-CoA, 0-5mM; NAD, 1 5mM; excess of NAD malate dehydrogenase and tissue extract in a volume of 1-5ml. The change in E340 with acetyl-CoA omitted was substracted as a blank from the complete system.
Assay of acetyl-CoA synthetase. The principle of this assay is similar to that described above for citrate synthase, with the activity of acetyl-CoA synthetase limiting the production of NADH. This method is similar to that described by Beinert et al. (1951) . The final concentrations of reactants at 370 were: tris (adjusted to pH9 0 with 2N-HCl), 100mm; potassium acetate, 10mM; NAD, 1 5mm; MgC92, 10mM; potassium ATP, 5mM; potassium malate, 10mM; GSH, 10mM; CoA, 0 5mm; excess of citrate synthase and NAD malate dehydrogenase. The E340 change with CoA omitted was used as the blank and subtracted from the complete system. This blank, or one with either ATP or acetate omitted, was approx. 20% of the test in most assays.
Assay of pyruvate carboxylase. The assay is in principle similar to that used by Utter & Keech (1960) and measures the fixation of '4C-labelled bicarbonate in the presence of ATP, pyruvate, MgC92, acetyl-CoA and enzyme. The exact composition of the reaction mixture was reported by Ballard & Hanson (1967b) .
RESULTS
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PATlHWA-YS OF LIPOGENESIS IN RUMINANTS The activities of all enzymes measured were higher in rat liver than in sheep or cow liver (Table  2) . Glucose 6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase in rat liver were 1-5-4-fold more active than in ruminant liver. Of the three enzymes involved in the citrate-cleavage pathway (Scheme 1), ATP citrate lyase and NADP malate dehydrogenase activities were extremely low in sheep and cow liver, being 20-500-fold less than the corresponding activity in rat liver. Particulate citrate synthase in rat liver had 2-3 times ths activity in ruminant liver. Acetyl-CoA synthetase and citrate synthase activities in the supernatant in ruminant liver were from half to almost equal to the corresponding activities in rat liver.
Both the glucose incorporation data and the enzyme activity measurements indicate that the citrate-cleavage pathway is not functional in ruminant liver. To further clarify the role of this pathway, incorporation experiments were performed with specifically labelled aspartate as substrate. The results are shown in Table 3 . More of C-4 of aspartate than C-3 was oxidized to carbon dioxide in both rat and sheep liver slices, and no label from [4-l4C]aspartate was found in either fatty acid or non-saponifiable lipid. C-3 of aspartate was incorporated into non-saponifiable lipid in liver from both animals. C-3 of aspartate was incorporated into fatty acids at a high rate in rat liver, whereas its incorporation was negligible into fatty acids in sheep liver. Ballard & Hanson (1967b) (Spencer & Lowenstein, 1962) . To circumvent this mitochondrial barrier, acetyl-CoA condenses with oxaloacetate to form citrate, which passes into the cytoplasm where the citrate is cleaved by ATP citrate lyase to form extramitochondrial oxaloacetate and acetyl-CoA for lipogenesis (Spencer & Lowenstein, 1962; Srere, 1959) . It has been further suggested by Young, Shrago & Lardy (1964) and Wise & Ball (1964) (Ballard & Hanson, 1967b) . This overall pathway is summarized in Scheme 1.
In the present work it has been shown that, in the absence of glucose, the utilization of acetate for lipid synthesis in sheep and cow adipose tissue is 10 times that in rat adipose tissue. This incorporation is increased by addition of glucose and insulin to the incubation medium to a smaller extent with ruminant than with rat adipose tissue. The initial enzymic step in the conversion of acetate into fatty acids is the formation of acetyl-CoA via the acetylCoA synthetase reaction. This enzyme is more active in both the cow and sheep than in rat adipose tissue (Table 5) . Acetyl-CoA synthetase allows the ruminant to form acetyl-CoA directly in the cytoplasm of the fat cell, thus bypassing the need for citrate to move acetyl-CoA across the mitochondrial membrane. In this paper we have reported low activities of the enzymes of the citrate-cleavage pathway and low rates of glucose conversion into lipid in adipose tissue in ruminants as compared with the non-ruminant. Although Khachadurian, Adrouni & Yacoubian (1966) have reported a substantial uptake of glucose by tail fat of the sheep, the need to conserve glucose for important processes such as brain metabolism (McClymont & Setchell, 1956) , lactation (Kronfeld, Mayer, Robertson & Raggi, 1963) and for foetal glucose (Kronfeld, 1958) Vol. 105 
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authors (Balmain, Folley & Glascock, 1953) reported that the addition of glucose plus insulin to sheep mam.nary-gland slices did not affect the rate of acetate conversion into fatty acids, though producing a 50-100-fold increase in the rat. In the present study there were several important differences in the pattem of lipogenesis in the liver of the rat as compared with that of the cow and sheep. Liver slices from the cow and sheep used acetate to a far greater extent than glucose, but the overall rate of fatty acid synthesis from both substrates was lower in ruminant than in rat liver. On the other hand, the synthesis of non-saponifiable lipid from acetate was the same in ruminant and non-ruminant liver. The larger proportion of acetate carbon incorporated into non-saponifiable lipid in cow and sheep liver as compared with rat liver most likely meets the demands of these animals for cholesterol for steroid biosynthesis and cell-membrane formation. It may be argued that, as the amounts of short-chain fatty acids derived from the rumen are already substantial, the synthesis of fatty acids in the liver to support the respiration of tissues such as muscle would not be advantageous in the ruminant. An additional explanation for the low rates of fatty acid synthesis from glucose in ruminants may also be found in the dynamics of glucose utilization in the gut. Since dietary glucose is not adsorbed into the portal circulation (Roe, Bergman & Kon, 1966) , it seems unlikely that net uptake of glucose into the ruminant liver ever occurs under physiological conditions (see also Barker, 1961) . Further support for this suggestion is based on the finding that the high-Km hepatic glucokinase is absent from ruminant liver (Ballard & Oliver, 1964b .
The block in glucose conversion into fatty acids in ruminant liver has been shown to be in the citrate-cleavage pathway by the use of differentially labelled aspartate and specifically pinpointed as an absence of both ATP citrate lyase and NADP malate dehydrogenase. The absence of ATP citrate lyase from goat liver was previously shown by Hardwick (1965, 1966) . The synthesis of long-chain fatty acids requires large amounts of NADPH2 (Langdon, 1957; Wakil, Porter & Gibson, 1957; Flatt & Ball, 1964) . Glucose, the normal substrate for lipogenesis in non-ruminant tissues, will also provide NADPH2 both by oxidation through the hexose monophosphate pathway and by decarboxylation of malate (from citrate cleavage) to pyruvate (see Scheme 1). Since acetate is utilized for lipogenesis in ruminant tissue in the absence of added glucose, the source of reducing equivalents to support lipogenesis is in question. Under physiological conditions enough glucose may be metabolized via the hexose monophosphate pathway to supply adequate amounts of NADPH2. HIigh activities of glucose 6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase are found in adipose tissue and liver from the three species studied in this paper.
